Abstract
INTRODUCTION
A chronic inflammatory state and dysfunction of metabolic-inflammatory signaling are involved in the development of various aspects of non-alcoholic steatohepatitis (NASH) [1, 2] . Several downstream signaling pathways, which provide the crosstalk between inflammatory and metabolic signaling, have been identified. The pro-inflammatory axis consisting of the nuclear transcription factor NF-kappa B and its upstream kinase IKK-beta is one pathway responsible for nutritionally induced inflammation [3] . c-Jun N-terminal kinase and I kappa beta kinase (I kappa K) have been identified as mediators of insulin resistance (IR) [4, 5] . These pathways are activated along with other signals by tumor necrosis factor alpha (TNF-α) [6] . The importance of TNF in human and animal fatty liver diseases, which were induced both by genetic manipulation and by overnutrition, has been demonstrated [7] . Neutralization of TNF-α activity improves IR and fatty liver disease in animals. Adiponectin is a potent TNF-neutralizing and anti-inflammatory adipocytokine. Both in vitro and in vivo studies showed its importance in counteracting inflammation and IR [8, 9] . Some of the anti-inflammatory effects of adiponectin are mediated by suppression of TNF synthesis and the promotion of anti-inflammatory cytokines, including IL-10 and the IL-1 receptor antagonist [7] . The NLRP6 and NLRP3 inflammasomes and the effector protein IL-18 negatively regulate NASH progression [10] . Inflammasome deficiency-associated changes in the configuration of the gut microbiota are associated with exacerbated hepatic steatosis and inflammation through influx of TLR4 and TLR9 agonists into the portal circulation, leading to the enhanced hepatic TNF-α expression that drives NASH progression [10] . A recent meta-analysis showed a difference in the TNF-α-238 genotype distribution between nonalcoholic fatty liver disease (NAFLD) patients and controls, suggesting that a polymorphism at position-238 is a risk factor for NAFLD [11] . Increased gut permeability along with bacterial translocation (BT) and increased lipopolysaccharide (LPS) levels have been described in patients with NASH [12, 13] .
BT at mesenteric lymph nodes leads to lymphocyte activation [14] . The TNF-alpha mRNA expression in liver tissue is significantly higher in patients with NASH and correlates with the increase in the plasma levels of LPS binding protein.
The development of biological agents that target TNF have markedly changed the therapeutic approach to inflammatory diseases [15] . Pentoxifylline, an anti-TNF-α agent was shown to reduce aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels and to improve liver histological scores in patients with NAFLD/NASH [16] . Parenteral administration of recombinant anti-TNF proteins lowers disease activity and, in some patients, induces remission. A report described a NASH patient who experienced rapid normalization of liver biochemistry during treatment for an associated rheumatoid arthritis with the humanized anti-TNF-alpha antibody adalimumab [17] . Etanercept is a recombinant, dimeric, soluble tumor necrosis factor receptor fusion protein that blocks only soluble TNF but not membrane-bound TNF. Parenteral administration of etanercept is being used for rheumatoid arthritis, juvenile rheumatoid arthritis, psoriatic arthritis, psoriasis, and ankylosing spondylitis [15, 18] . Parenterally administered TNF antagonists are generally well tolerated but carry a risk of side effects. Areas of concern include opportunistic and non-opportunistic infections, vaccination, neurological complications, hepatotoxicity, hematological side effects, malignancies, infusion reactions and autoimmunity. Contraindications, such as heart failure and acute infectious diseases, are also of concern [19] . The immunosuppressive capacity of these agents necessitates a rigorous long-term safety followup, and the potential risks of their use should always be taken into consideration [19, 20] . Oral delivery of therapeutic proteins is a major goal when developing new therapeutic modalities. The BY-2 plant cell-expressed recombinant anti-TNF fusion protein (PRX-106) consisting of the soluble form of the human TNF receptor (TNFR) fused to the Fc component of a human IgG1 domain can be orally administered, and PRX-106 has an amino acid sequence that is identical to that of Enbrel™.
The aim of the present study was to determine the immunomodulatory effect of oral administration of plant cells expressing PRX-106 in an animal model of NASH.
MATERIALS AND METHODS

Animals
Male C57BL/6 mice (11-12-wk-old) were obtained from Harlan Laboratories (Jerusalem, Israel) and maintained in the Animal Core of the Hadassah-Hebrew University Medical School. Mice were administered standard laboratory chow and water ad libitum and kept on a 12 h light/dark cycle. Animal experiments were carried out according to the guidelines of the Hebrew UniversityHadassah Institutional Committee for the Care and Use of Laboratory Animals and with the committee's approval. Mice were fed a high-fat diet (HFD, Harlan, TD88137; 42% of the calories are from fat) from day 0 until their sacrifice at 24 wk.
Experimental groups
Four groups of C57BL/6 mice, n = 10 each, were orally fed three times a week for 24 wk with one of the following at a volume of 35 μL: phosphatebuffered saline (PBS, group A), BY-2 cells at 28.8 mg of BY-(mock cells, group B), 2.88 mg (0.5 μg TNF) of BY+ (group C), or 2.88 mg (10 μg anti-TNF) of BY+ (group D). Fresh preparations were made before each administration.
Assessment of the effect of oral PRX-106 on the systemic immune system
The immunomodulatory effect of PRX-106 was determined by FACS analysis and serum cytokines.
Isolation of splenocytes and hepatic lym phocytes: Spleens and livers were kept in RPMI-1640 supplemented with FCS. Spleens were crushed through a 70 μm nylon cell strainer [21] and centrifuged (1250 rpm for 7 min) to remove debris. Red blood cells were lysed with 1 mL of cold 155 mmol/L ammonium chloride lysis buffer and immediately centrifuged (1250 rpm for 3 min). The splenocytes were then washed and suspended in 1 mL of RPMI + FCS. Any remaining connective tissue was removed. The viability, as assessed using trypan blue staining, was above 90%. For the isolation of hepatic lymphocytes, livers were first crushed through a stainless mesh (size 60, Sigma), and the cell suspension was placed in a 50 mL tube for 5 min so that the cell debris could form a pellet. The cell suspension was slowly underlaid with 10 mL of Lymphoprep (Ficoll, Axis-Shield PoC AS, Oslo, Norway) in a 50 mL tube. The tubes were then centrifuged at 1800 rpm for 18 min. Cells at the interface were collected and transferred to a new tube that was centrifuged again at 1800 rpm for 10 min. The resulting pellet of hepatocyte-depleted lymphocytes was suspended in a final volume of 250 μL, approximately 1 × 10 6 intrahepatic lymphocytes were recovered per mouse liver.
Flow cytometry: Flow cytometry was performed on splenocytes and hepatic lymphocytes, which were suspended in 1 mL of FACS buffer (PBS + 1% BSA + 0.1% sodium azide). The cells were stained with the antibodies for CD8, CD4, CD25, Foxp3, CD3, and NK 1.1. Flow cytometry was performed using LSR-II, and and FSC express software.
Cytokine measurement: Serum TNF-α levels were measured in each animal using commercial kits, according to the manufacturer's instructions (Quantikine, R&D Systems, Minneapolis, MN, United States).
Assessment of the effect of oral PRX-106 on the lipid profile, glucose intolerance and liver damage
Liver enzymes: Serum was obtained from individual mice. The serum AST and ALT levels were determined using an automatic analyzer. Triglyceride levels in the serum were measured using standard kits.
Fasting serum glucose and insulin levels were measured on day 1 and at week 24.
Glucose tolerance test:
Glucose tolerance test (GTT) was performed on all animals in all groups at weeks 8 and 24.
Histological examination of the liver: Paraffinembedded liver sections were prepared from each mouse. The livers were cut into 4-5 μm thin slices and stained with hematoxylin-eosin. A blinded pathologist examined the tissues using light microscopy to score for morphological and histopathological changes that are characteristic of NAS. Trichome staining was used to evaluate liver fibrosis. The maximal score for steatosis (= 3) was assigned for greater than 66%. The maximal score for lobular inflammation (= 3) was assigned for > 4 foci/× 200, and hepatocyte ballooning (= 2) was assigned for many cells/prominent ballooning. The maximal NAS score is a simple arithmetic combination of all three features (3 + 3 + 2 = 8).
Hepatic triglycerides content: Accumulation of intracellular triglycerides (TGs) within the liver was quantified using a modification of the Folch method. TGs were extracted from aliquots of snap-frozen livers and then assayed. Triglyceride determination was performed spectrophotometrically using a GPO-Trinder mice, respectively. The hepatic CD4/CD8 ratio was 0.73, 0.72, 0.82, and 0.68 for the controls, BY2(-)-treated and low and high dose PRX106-treated mice, respectively. Figure 1J shows the ratio between the splenic and hepatic CD4/CD8 ratios. For all treated groups, a decrease in the ratio was found: 2.06, 1.9, and 2.15 for the BY2(-)-treated and the low and high dose PRX106-treated mice compared with 2.2 for the controls (P < 0.005 for low dose PRX106 compared with controls). The data suggest that the treatment is associated with sequestration of CD8+ lymphocytes in the liver.
Oral administration of PRX-106 was associated with a mild increase in serum TNF-α levels. The levels increased to 11.53, 13.85, and 10.25 pg/mL for BY2 (-)-treated and low and high dose PRX106-treated mice, respectively, compared with 7.07 pg/mL in the controls (P < 0.05 for low dose PRX106 compared with controls). The data support the notion that the observed anti-inflammatory effect is not associated with a reduction in TNF-α levels.
Oral administration of non-absorbable PRX-106 exerted a beneficial effect on the liver, glucose and lipid metabolism in NASH
During the 24 wk of the experiment, the weight doubled for the mice in all groups. The average weight gain was 82.5%, 83.3%, 81.8%, and 89.1% for the controls, BY2(-)-treated and low and high dose PRX106-treated mice, respectively (P = NS). The data support the notion that the beneficial effect on the liver, glucose, and lipid metabolism was independent of weight.
Both dosages of PRX-106 exerted a beneficial effect on the serum TGs at week 24, as shown in Figure  2A . The serum triglyceride levels decreased to 186 and 124 mg/dL for the low and high PRX106-treated groups compared with 260 mg/dL for untreated controls (P < 0.01 for high dose vs controls). Figure  2B shows that oral administration of the high dose of PRX-106 decreased the AST levels at week 24. The AST levels were 297 compared with 496 IU for the high dose PRX106 vs the controls, respectively (P = 0.06). No significant effects on the ALT levels were observed.
A beneficial effect of oral PRX106 on fasting glucose levels was noted. At week 5, a significant decrease in serum glucose levels was observed for the lower dosetreated PRX 106 with levels of 88, 76 and 86 mg% for the BY2(-)-treated and low and high dose PRX106-treated mice, respectively, compared with 104 mg% in the controls (P < 0.05 for low dose vs controls). Figure  3A shows the beneficial effect of the treatments at the end of trial, with a reduction in the glucose levels to 102, 103, and 102 mg% for the BY2(-)-treated and low and high dose PRX106-treated mice, respectively, compared with 119 mg% in controls. Figure 3B shows the beneficial effect of the treatment on the delta of kit (Sigma, Rehovot, Israel), and the levels were normalized to the protein content in the homogenate.
Statistical analysis
Statistical analysis was performed using Student's t test. A P value less than 0.05 was considered significant.
RESULTS
Oral administration of non-absorbable PRX-106 exerted an immunomodulatory effect
Oral administration of PRX-106 altered the distribution of CD4+CD25+FoxP3+ Tregs. Figure 1A shows the significant decrease in intrahepatic Tregs in the high dose-treated mice from the 3.53% value in the controls to 2.48% (P < 0.05). Figure 1B shows the significant effect on intrasplenic Tregs only for BY2 (-) treated mice from 18.4% to 13.73% (P < 0.01). A reduction trend was noted for the high dose-treated group (15.49%). The intrasplenic-to-intrahepatic CD4+CD25+FoxP3+ Treg ratio increased significantly in the high dose PRX-106-treated mice, as seen in Figure 1C , from 5.12 in controls to 6.25 (P < 0.05). The data indicate an effect of PRX106 on the redistribution of CD4+CD25+FoxP3+ Tregs.
Oral administration of PRX-106 also altered the distribution of CD8+CD25+FoxP3+ Tregs. Figure  1D shows a significant increase in intrahepatic CD8+CD25+FoxP3+ Tregs in the BY2 (-) and high dosetreated mice. The levels increased to 0.6% and 0.86%, respectively, compared with 0.21% in the controls (P < 0.05). Figure 1E shows no statistically significant effect on intrasplenic CD8+CD25+FoxP3+ Tregs. The intrasplenic-to-intrahepatic CD8+CD25+FoxP3+ Treg ratio was significantly altered by the treatments, as shown in Figure 1F . The ratio was 9.8 in the controls and decreased to 2.4 and 4 in the BY2 (-)-and high dose-treated mice while increasing to 16.2 in the low dose-treated mice (P < 0.005 compared with controls).
Oral administration of PRX-106 altered the distribution of NKT (CD3+NK1.1+) lymphocytes. Figure  1G shows an increase in intrahepatic NKT cells in the high dose-treated mice, with levels increasing 3.58% compared 2.31% in controls (P < 0.05). Figure 1H shows a significant decrease in the intrasplenic NKT cells in the BY2(-)-treated mice, in which the levels decreased to 0.42% compared with 0.82% in controls (P < 0.05). The intrasplenic-to-intrahepatic NKT ratio significantly decreased in all treated groups, as shown in Figure 1I . The levels decreased to 0.15, 0.24 and 0.16 for the BY2(-)-treated and low dose and high dose PRX106-treated mice, respectively, compared with 0.35 in the controls (P < 0.05 vs controls).
To determine the effect of treatment on lymphocyte trapping in the liver, the CD4/CD8 lymphocyte ratio was calculated. The splenic CD4/CD8 ratio was 1.62, 1.48, 1.56 and 1.46 for the controls, BY2 (-)-treated and low and high dose PRX106-treated the increase in fasting insulin levels between week 0 and 24. A trend for a reduction in the average increase in insulin levels between weeks 0 and 24 was noted in all treated mice. The average change in insulin levels was 2.69, 0.92, and 2.77 pg/mL for BY2 (-)-treated and low and high dose PRX106-treated mice, respectively, compared with 3.06 pg/mL in controls. Figure 3C shows the effect of oral PRX106 on the HOMA-IR. A reduction trend for a reduction to 1.09 was observed for mice in the low dose PRX106-treated group compared with the 1.25 value in the controls. No significant differences were noted between groups in the oral GTT performed at weeks 7 and 22 of the study. A decrease in hepatic TG content was observed in the high dose-treated mice, as shown in Figure 4 . The triglyceride content was reduced to 23.54% per g liver for the high dose PRX-106-treated mice compared with 33.98% for the controls (P = 0.03).
DISCUSSION
Orally administered plant cells expressing recombinant anti-TNF fusion protein show biological activity and exert an immunomodulatory effect, alleviating the liver damage in the HFD model.
The pathogenesis of NASH involves a number of immune mechanisms [22] . Immunomodulatory treatments have been suggested to play a role in alleviating the disease [1] . The results of the present study show that oral administration of non-absorbable PRX-106 exerted an immunomodulatory effect. Oral administration of PRX-106 was associated with an increase in the intrasplenic-to-intrahepatic CD4+CD25+FoxP3+ ratio, suggesting that the drug generates a signal in the gut that promotes regulatory cells in the periphery, which can account for its anti-inflammatory effects [23] . Resident Treg cells in adipose tissue modulate metabolism and glucose homeostasis [24] . Interactions The intrasplenic-to-intrahepatic CD4+CD25+FoxP3+ ratio was calculated; D: Intrahepatic CD8+CD25+FoxP3+ lymphocytes; E: Intrasplenic CD8+CD25+FoxP3+ lymphocytes; F: The intrasplenic-to-intrahepatic CD8+CD25+FoxP3+ ratio was calculated; G: Intrahepatic NKT lymphocytes; H: Intrasplenic NKT lymphocytes; I: The intrasplenic-to-intrahepatic NKT ratio was calculated; J: To determine the effect of the treatment on the lymphocyte trapping in the liver, the CD4/CD8 lymphocyte ratio was calculated in the spleen and in the liver. The ratio between the splenic and hepatic CD4/CD8 ratios was calculated.
a P < 0.05, b P < 0.01. among leptin, Treg cells and adipose tissue are potential targets for therapeutic interventions [25] . The Treg frequency is lower in TNF-α transgenic mice than in wild-type mice [26] . In humans, anti-TNFα therapy has a clinical effect associated with promotion of Treg number and function. Anti-TNFα therapy increased the Treg proportion and suppressed effector T cells in patients with arthritis [27] . Oral administration of PRX-106 also altered the distribution of CD8+CD25+FoxP3+ Tregs. CD8+CD25+FoxP3+ Tregs were suggested to be important in the induction of the systemic antiinflammatory effects mediated by several immunomodulatory agents [28, 29] and to suppress inflammation in several immune-mediated disorders [30] . The data suggest a dose dependency of the observed immune system effect, which may underlie some of the differences noted in the clinical effects.
Oral administration of PRX-106 altered the distribution of NKT (CD3+NK1.1+) lymphocytes. The intrasplenic-to-intrahepatic NKT ratio significantly decreased in all treated groups. NKT cells play a regulatory role that helps to prevent diet-induced obesity and metabolic dysfunction [31] . A reduction in the number and an altered function of intrahepatic NKT lymphocytes have been reported in leptindeficient ob/ob mice, a murine model for NASH [32] [33] [34] [35] . NKT cells were suggested to be important in the regulation of immune-mediated disorders [36, 37] , and alteration of their distribution was shown to be relevant in immunomodulation [38] [39] [40] [41] [42] . Our results further support a regulatory role for NKT cells in the crosstalk between metabolism and the immune system [31] . The ratio between the splenic and hepatic CD4/ CD8 ratios decreased for all treated groups, supporting the notion that the treatment is associated with sequestration of CD8+ lymphocytes in the liver. The liver is a site at which apoptotic CD8+ cells accumulate during the clearance phase of peripheral immune responses [43] . It serves as a "graveyard" for T cells activated in the periphery [44] . The liver was shown to be an important site for CD8+ accumulation during tolerance induction in a process that was independent of NK cells [45] . Our results support the ability of PRX-106 to promote CD8 lymphocytes in the liver during an active systemic inflammatory process.
Oral administration of PRX-106 was associated with a mild increase in serum TNF-α levels, suggesting that the anti-inflammatory effects are independent of this cytokine. PRX-106 is not absorbed, and its immunomodulatory effect is therefore associated with biological activity in the gut. A similar effect was reported for the oral administration of the non-absorbable anti-CD3 [46] [47] [48] [49] and delayed release 6 mercaptopurine [50] , all of which generate a similar signal in the gut which alters the systemic immune system.
Oral administration of PRX106 was associated with a reduction in the serum triglyceride, glucose, insulin, and AST levels. A decrease in hepatic TG content was observed in the high dose-treated mice. Taken together, our data suggest that the profound immunomodulatory effect of oral PRX106 is associated with improvement in the metabolic syndrome in the HFD model.
Etanercept is a TNFR2-Fc fusion protein that blocks only soluble TNF but not membrane-bound TNF [51] . Parenteral administration of this compound has been successfully used in the treatment of rheumatoid arthritis and several other immunomodulatory treatments. The data of the present study support an immunomodulatory effect of orally administered PRX-106. Several immunomodulatory agents exert a different effect on the systemic immune system when administered orally compared with during parenteral administration [52] [53] [54] [55] [56] . Their local effect on the gut is different than when the drug is administered parentally. These compounds use the inherit ability of the immune system of the gut to systemically promote Tregs [54, 55] and to exert potent anti-inflammatory effects [54, 55] . These effects are not associated with generalized immune suppression. Adjuvants were suggested to be important for augmenting the effect of orally administered immunomodulatory agents [48, 49, 56] . The plant cell wall, which is composed of cellulose, serves to protect the active molecule from acid-base changes in the stomach. The data of the present study suggest that the plant cell wall also serves as an immune adjuvant in the gut. Oral administration of mock cells, BY2 (-), which included vehicle alone, did exert some immunomodulatory effects.
Previous studies showed that oral administration of BY-2 cells expressing PRX-106 alleviated immunemediated liver injury in the Concanavalin A immunemediated hepatitis model [57] . Similarly, in the TNBS colitis model, oral administration of BY-2 plant cells expressing PRX-106 resulted in a decrease in the weight loss associated with immune-mediated colitis, along with improvement in bowel histology [58] . In summary, orally administered plant cells expressing recombinant anti-TNF fusion protein show biological activity when administered orally. It alters the systemic immune environment and affects both the intrahepatic and splenic regulatory T lymphocyte and NKT cell subsets. These changes were associated with the observed beneficial effects on the metabolic syndrome in the HFD model. As a non-absorbable agent, PRX106 may serve as a potent immunomodulatory agent that lacks immunosuppressive properties.
COMMENTS
Background
The BY-2 plant cell-expressed recombinant anti-TNF fusion protein (PRX-106) that consists of the soluble form of the human TNF receptor (TNFR) fused to the Fc component of a human IgG1 domain was orally administered. The aim of the study was to evaluate the immunomodulatory effect of oral administration of PRX-106 in the high-fat diet (HFD) model of non-alcoholic steatohepatitis (NASH).
Research frontiers
PRX-106 consisting of the soluble form of the human TNFR fused to the Fc component of a human IgG1 domain can be orally administered, and PRX-106 has an amino acid sequence that is identical to that of Enbrel™.
Innovations and breakthroughs
For 22 wk, C57BL/6 HFD-fed mice received daily oral treatments with BY-2 cells expressing PRX-106. Orally administered PRX-106 shows biological activity and exerts an immunomodulatory effect, alleviating liver damage. The data suggest that PRX-106 may provide an oral immunotherapy for NASH. The orally administered non-absorbable PRX-106 was biologically active. Altered distribution of CD4+CD25+FoxP3+ between the liver and spleen and an increase in the intrasplenic-to-intrahepatic CD4+CD25+FoxP3+ ratio and a decrease in the intrasplenic-to-intrahepatic CD8+CD25+FoxP3+ ratio were observed. An increase in intrahepatic NKT cells and a decrease in the intrasplenic-to-intrahepatic NKT ratio were noted. Assessment of the CD4-to-CD8 ratios showed sequestration of CD8+ lymphocytes in the liver. These effects were associated with a decrease in serum triglyceride levels, decrease in the aspartate aminotransferase levels, serum glucose levels, and HOMA-IR score. A decrease in hepatic TG content was observed in the high dose-treated mice.
Applications
PRX-106 is biologically active when administered orally. It alters the systemic immune environment and affects both the intrahepatic and splenic regulatory COMMENTS T lymphocyte and NKT cell subsets. These changes were associated with the observed beneficial effects on the metabolic syndrome in the HFD model of NASH. As a non-absorbable agent, PRX106 may serve as a safe and potent immunomodulatory agent that lacks immunosuppressive properties.
Terminology
A chronic inflammatory state and dysfunction of metabolic-inflammatory signaling are involved in the development of various aspects of NASH. Oral delivery of therapeutic proteins is a major goal when developing new therapeutic modalities.
